Engulfment of apoptotic cells occurs throughout life in multicellular organisms. Impaired apoptotic cell clearance (due to defective recognition, internalization or degradation) results in autoimmune disease 1, 2 . One fundamental challenge in understanding how defects in corpse removal translate into diseased states is the identification of critical components orchestrating the different stages of engulfment. Here we use genetic, cell biological and molecular studies in Caenorhabditis elegans and mammalian cells to identify SAND-1 and its partner CCZ-1 as new factors in corpse removal. In worms deficient in either sand-1 or ccz-1, apoptotic cells are internalized and the phagosomes recruit the small GTPase RAB-5 but fail to progress to the subsequent RAB-7(1) stage. The mammalian orthologues of SAND-1, namely Mon1a and Mon1b, were similarly required for phagosome maturation. Mechanistically, Mon1 interacts with GTP-bound Rab5, identifying Mon1 as a previously unrecognized Rab5 effector. Moreover, a Mon1-Ccz1 complex (but not either protein alone) could bind Rab7 and could also influence Rab7 activation, suggesting Mon1-Ccz1 as an important link in progression from the Rab5-positive stage to the Rab7-positive stage of phagosome maturation. Taken together, these data identify SAND-1 (Mon1) and CCZ-1 (Ccz1) as critical and evolutionarily conserved components regulating the processing of ingested apoptotic cell corpses.
The nematode C. elegans is used as a powerful genetic tool for the study of programmed cell death 3 ; in the adult gonad, germ-cell corpses are rapidly recognized and internalized by the phagocytic somatic sheath cells, which encase the germ line 4 . Two evolutionarily conserved signalling pathways (comprising CED-1, CED-6 and CED-7, and CED-2, CED-5 and CED-12), both of which function upstream of the small GTPase CED-10 (Rac1), mediate the recognition and internalization of apoptotic cells 5, 6 . The subsequent steps in degradation of the ingested apoptotic cells, termed 'phagosome maturation', have only recently begun to be defined.
Previous studies have identified the sequential recruitment and activation of the small GTPases RAB-5 and RAB-7 to apoptoticcell-containing phagosomes; however, many of the components required for these steps have not yet been identified, and the mechanistic steps are not well understood. We had previously conducted a targeted reverse genetic screen in the worm to identify candidate RAB-5 activators or effectors required for phagosome maturation (ref. 7 , and data not shown). Although no requirement for many of the known regulators of RAB-5 function (such as EEA-1, HGRS-1/ Hrs and RABS-5/Rabenosyn 7-9 ) was seen in apoptotic cell processing, this screen identified one candidate gene, sand-1, that has been proposed to function upstream of RAB-7 activation or function 10 . SAND-1 is the nematode orthologue of S. cerevisiae Mon1p and has been implicated in fluid-phase uptake in coelomocytes in the worm; it is not known how SAND-1 (or Mon1p) functions in corpse removal or its mechanism of action.
When cells die in the nematode, they gradually condense to generate 'refractile' apoptotic bodies that can be studied by differential interference contrast (DIC) microscopy 4, 11 . Analysis of a sand-1(ok1963) deletion mutant, denoted sand-1(D) or RNA interference targetting sand-1, revealed increased numbers of refractile bodies in the gonad (compare Fig. 1a with Fig. 1b , e; quantified in Fig. 1g and Supplementary Table 1a) . Refractile corpses in sand-1(D) worms arose as a result of apoptotic cell death, because sand-1(D); ced-3(n717) double mutant worms (lacking the executioner caspase CED-3 (ref.
3)) did not accumulate refractile corpses in the gonad ( Fig. 1d ; quantified in Fig. 1g ). Overexpression of yellow fluorescent protein (YFP)::SAND-1 under the ced-1 promoter was sufficient to rescue defects in sand-1(D) mutant worms (transgenics are referred to as sand-1(D); vfEx152 or sand-1(D); vfIs3 (Fig. 1g) ), suggesting that defects in sand-1(D) mutant worms are due to lesions within sand-1 and not to a closely linked mutation. The ced-1 promoter targets expression to the phagocytic somatic sheath cells but not to apoptotic germ cells 12 , suggesting that SAND-1 expression within the phagocyte is sufficient for function. This raised the possibility that defects in sand-1(lf) worms arose as a result of impairment of uptake or the subsequent processing of the ingested apoptotic cell. We addressed both of these possibilities as detailed below.
Acidification is an important marker for 'maturation' of the phagosome [13] [14] [15] . In the nematode, acridine orange or LysoTracker can be used as markers of acidic organelles 7, 16 ; phagosomes begin to acidify after the acquisition of RAB-5 and grow progressively more acidic as they mature to the RAB-7(1) stage 7, 17 . Worms deficient in dyn-1 or vps-34 (which are required for RAB-5 recruitment to nascent phagosomes 14 ) or in rab-5 (Supplementary Fig. 1 and Supplementary  Table 1b) show phagosomes arrested without LysoTracker or acridine orange staining 7 ; in comparison, RNA-mediated interference (RNAi) targeting rab-7 results in delayed acidification 17 , although most corpses still stain with acridine orange or LysoTracker (Supplementary Fig. 1 and Supplementary Table 1b) . In sand-1(D) mutant worms, refractile corpses stained brightly with both LysoTracker (Supplementary Fig. 1 ) or acridine orange (quantified in Supplementary Table 1b ), suggesting that apoptotic cells were internalized but arrested at a later stage of degradation.
To further exclude the possibility of a corpse internalization defect in sand-1 mutants, we took two approaches. First, under the transmission electron microscope, apoptotic cells in sand-1 mutant worms appear phagocytosed ( Supplementary Fig. 2 ), often with multiple apoptotic cells in each phagosome (see below). Second, we expressed YFP::actin as a transgene to reveal cells undergoing internalization in real time ( Supplementary Fig. 2 ). sand-1(lf) worms show similar numbers of actin halos to those in controls, excluding the possibility of increased germ-cell death or defects in corpse internalization, and suggesting that increased corpse number arose from defects in apoptotic cell degradation.
To identify the stage at which phagosomes in sand-1(D) worms were arrested, we examined the localization and recruitment of different markers to the phagosome. So far, recruitment of DYN-1 is the earliest available maturation-specific marker of apoptotic-cellcontaining phagosomes 7, 17, 18 , occurring at a similar time to actin polymerization and apoptotic cell uptake. We found no defect in DYN-1 recruitment or release from the phagosome in sand-1(D) mutant worms (Supplementary Table 1c ), suggesting that SAND-1 might function downstream of DYN-1. Because DYN-1 recruitment requires phagocytic uptake 7 , these results further confirmed that sand-1(lf) worms have no defect in corpse internalization.
After apoptotic cell internalization, the GTPases RAB-5 and RAB-7 are recruited sequentially to the surface of the phagosome 7, 19 . In sand-1(D) mutant worms, we found a substantial increase in the number of RAB-5(1) phagosomes ( Fig. 2a-d , quantified in Fig. 2k ; Supplementary Table 1d ; see Supplementary Fig. 3 for wide-field images) with a concomitant decrease in the number of RAB-7 (1) phagosomes (Fig. 2k ). This suggested a defect in transition from the RAB-5(1) stage to the RAB-7(1) stage. A marker for the 'mature' phagolysosome, LMP-1 (ref. 17) , was also decreased on phagosomes in sand-1(D) worms (Supplementary Table 1e and Supplementary  Fig. 4 ). Arrest at the RAB-5(1) stage in sand-1(D) or rab-7(RNAi) worms resulted in phagosomes containing multiple apoptotic cells ( Fig. 2d , arrowhead; quantified in Fig. 2l ). Because multi-corpse phagosomes are rarely seen in wild-type or vps-39(lf) worms, in which phagosomes are arrested at the RAB-7(1) stage (Fig. 2k, l) , this might represent fusion events between RAB-5(1) structures, as described in other contexts 20 . Activation of RAB-5 and subsequent VPS-34/phosphatidylinositol-3-OH kinase activation result in the generation of phosphatidylinositol-3-phosphate (PtdIns(3)P) on the phagosome surface 7, 21 , which can be detected with a YFP::23EEA-1(FYVE) fusion protein. In sand-1(D) mutant worms, phagosomes were enriched in PtdIns(3)P (Fig. 2g -j, quantified in Fig. 2m ), suggesting that recruitment and activation of RAB-5 and VPS-34 occurred normally on the phagosome surface. Taken together, these data suggested that a loss of SAND-1 caused a block in phagosome maturation after RAB-5 recruitment but before RAB-7 recruitment to the phagosome (see the genetic pathway shown in Fig. 2s ).
We next examined whether SAND-1 and its function are evolutionarily conserved. Mammals possess two orthologues of SAND-1, namely Mon1a and Mon1b. Several lines of evidence suggested that the function of SAND-1/Mon1 during apoptotic cell clearance is evolutionarily conserved: first, transgenic expression of mouse Mon1a (as YFP-Mon1a) in sand-1(D) mutant worms efficiently rescued the corpse clearance defect ( Fig. 1g ; sand-1(D); vfEx187). Second, expression of Mon1a in mammalian phagocytes, which matched the predicted deletion mutation in sand-1(D), blocked phagosome acidification (LysoTracker staining; see Methods) (compare Fig. 3d with Fig. 3a ; quantified in Fig. 3e) ; this block was analogous to the block in phagosome acidification that results from the overexpression of dominant-negative mutants of Rab5 and Rab7 (green fluorescent protein (GFP)-Rab5 S34N and GFP-Rab7 T22N , respectively) (Fig. 3b, c ; quantified in Fig. 3b ; see Supplementary Fig. 5 for individual panels). Third, short interfering RNA (siRNA)-mediated knockdown of Mon1a and Mon1b (denoted Mon1a1b) caused a significant decrease in acidified phagosomes ( Fig. 3e ; see Supplementary Fig. 6 for quantification of knockdown). In the above experiments, there were no defects in corpse recognition or internalization ( Supplementary Fig. 6 ). Finally, we could detect localization of YFP-Mon1a on the phagosome ( Supplementary Fig. 7) , supporting a functional role for Mon1 on the phagosome. Taken together, these data suggested that SAND-1/Mon1 has an evolutionarily conserved function in phagosome maturation.
To elucidate a mechanism of SAND-1/Mon1 action, we examined whether Mon1 might interact with Rab5. This was true in two different readouts. First, Mon1a bound to Rab5 when expressed in 293T cells, with enhanced interaction between Mon1a and Rab5 Q79L , the preferentially GTP-associated version of Rab5 (Supplementary Fig. 8 ). Second, in a yeast two-hybrid interaction assay, we observed a specific interaction between Mon1a and Rab5 Q79L but not between Mon1a and the preferentially GDP-associated Rab5 S34N or Rab7 (neither the active Q79L mutant nor the inactive T22N mutant) (Fig. 3f) ; a truncated version of Mon1a (Mon1a ), mimicking the sand-1(D) mutant allele, failed to interact with Rab5 Q79L (Supplementary Fig. 9 ). These data suggested Mon1a as a new class of Rab5 effector lacking the canonical FYVE-domain architecture found in other Rab5 effectors such as EEA1, Rabenosyn-5 and Hrs (ref. 9).
Although SAND-1 was identified in a high-molecular-mass complex with both RAB-5 and RAB-7 (ref. 10) , the role of SAND-1, if any, in linking RAB-5 and RAB-7 was not known. We first tested whether SAND-1, RAB-5 and RAB-7 could be detected simultaneously on the apoptotic-cell-containing phagosomes: in transgenic worms coexpressing YFP::RAB-5, cyan fluorescent protein (CFP)::RAB-7 and LETTERS mCherry::SAND-1, SAND-1 was present on about 75% of phagosomes that were positive for both RAB-5 and RAB-7 (n 5 5 gonads; Fig. 2n-r) , suggesting a possible role for SAND-1 during the transition from the RAB-5(1) to the RAB-7(1) phagosome. One possibility was that SAND-1 might act as a 'physical bridge' between Rab5 and Rab7, thereby linking Rab5 activation to Rab7 recruitment. However, we could not detect an interaction between Mon1a and Rab7 (despite a robust interaction with Rab5; Fig. 3f ). This prompted us to examine whether Mon1, perhaps through one or more Mon1-interacting proteins, might mediate an interaction between Rab5 and Rab7.
So far, one binding partner for the yeast Mon1p has been described, namely Ccz1p (ref. 22) ; however, Ccz1p orthologues have not been characterized in worms or mammals. A ccz-1(ok2128) deletion mutant or ccz-1(RNAi) showed increased numbers of internalized refractile cell corpses in the gonad (Fig. 1c, f, g ; quantified in Supplementary  Table 1) . On further analysis, we found that in ccz-1(ok2128) worms, phagosomes containing apoptotic cells were arrested at the RAB-5(1) stage ( Fig. 2e, f; quantified in Fig. 2k ). The phenocopy of the defects among sand-1(D) and ccz-1(ok2128) mutant animals suggested that SAND-1 and CCZ-1 proteins probably function at the same step of phagosome maturation.
One possibility was that Ccz1 might interact with Rab7, providing a link between Rab5 activation and the recruitment of Rab7 to the phagosome. To test this, we established a few baseline parameters. First, mammals contain one CCZ-1 orthologue, which we named Ccz1. Mammalian Mon1a and Mon1 1-392 interacted with mammalian Ccz1, both by immunoprecipitation ( Supplementary Fig. 9 ) and in the yeast two-hybrid assay (Fig. 4a) . The region of Mon1a responsible for binding to Ccz1 and Rab5 are distinct (with Rab5 and Ccz1 binding to the carboxy-terminal and amino-terminal regions of Mon1a, respectively) ( Supplementary Fig. 9 ). Furthermore, in a yeast three-hybrid assay (see Methods), Mon1a could simultaneously associate with both Ccz1 and Rab5 GTP (Fig. 4b) ; under these conditions, Ccz1 itself does not interact with Rab5 directly ( Supplementary  Fig. 10 ).
We next tested whether Ccz1 might bind Rab7; however, we could not detect a direct interaction between Ccz1 and Rab7 (or Rab5) ( Supplementary Fig. 10 ), which prompted us to examine whether a 'Mon1-Ccz1 complex' might generate (or open up) a Rab7 interaction site, thereby potentially bridging Rab5 GTP and the recruitment of Rab7. Co-expression of both Mon1a and Ccz1 resulted in interaction with Rab7 (Fig. 4c) in the yeast three-hybrid assay, suggesting that the Mon1-Ccz1 complex could potentially act as a proteinprotein interaction bridge linking active Rab5 and Rab7.
We took two further approaches to address whether Mon1-Ccz1 might regulate Rab7 activity after recruitment. RabGDIs (Rab guanine nucleotide dissociation inhibitors) bind to GDP-bound forms of Rab GTPases and function to inhibit basal dissociation of GDP, keeping GTPases in the inactive form. We examined whether Mon1-Ccz1 might facilitate the dissociation of GDI from Rab7 and, in turn, promote the loading of Rab7 with GTP. Interestingly, the association of endogenous RabGDI with Rab7 was decreased when Mon1a, or Mon1a and Ccz1, were expressed in 293T cells (Fig. 4d, e ; see Supplementary Fig. 11 for protein expression controls). In contrast, expression of Mon1a 1-392 blocked the dissociation of RabGDI from Rab7, in a similar manner to dominant-negative Rab5
S34N
, which is consistent with a role for Mon1-Ccz1 at the Rab5-to-Rab7 transition.
We also assessed GTP binding to Rab7 under these conditions by co-expressing the Rab7 effector RILP (ref. 23) , which specifically binds Rab7 GTP ( Supplementary Fig. 12 ). Overexpression of Mon1a decreased the levels of GTP-bound Rab7 in cells ( Fig. 4f, g ; see Supplementary Fig. 12 for protein expression controls). These data suggest a possible model in which the Mon1-Ccz1 complex facilitates Rab7 recruitment as well as RabGDI release, thereby promoting the loading of Rab7 with GTP during the maturation of apoptotic-cellcontaining phagosomes (Fig. 4h) .
This work has identified two new components, SAND-1/Mon1 and CCZ-1/Ccz1, with an evolutionarily conserved role in processing of apoptotic-cell-containing phagosomes. Mechanistically, SAND-1/ Mon1 seems to be a new type of Rab5 effector that can link Rab5 activation to Rab7 recruitment, with the Mon1-Ccz1 complex (but not the individual proteins) being able to bind and recruit Rab7 to the phagosome. Last, the Mon1-Ccz1 complex seems to facilitate the displacement of GDI from Rab7, an important step in Rab7 activation, although the details of this process remain to be defined. Because deficiencies in RabGDI have been associated with learning disability both in humans and in mouse models 24 , the possible role of Mon1-Ccz1 in GDI displacement from Rab7 may have broader implications.
The Mon1-Ccz1 function identified here in the context of apoptotic cell clearance may also be relevant for vesicular trafficking, such as receptor-mediated endocytosis and its pathological alterations (for example in tumorigenesis) 25, 26 . Finally, genes required for the maturation of apoptotic-cell-containing phagosomes may be relevant in the processing of antigens derived from apoptotic cells (which requires acidification-dependent cathepsin activation 27 ), which may contribute to immune tolerance. Pathogens have also been shown to modify phagosome maturation to evade the immune response 28 . Thus, the identification of genes and pathways related to phagosome maturation could affect several different cellular processes.
METHODS SUMMARY
C. elegans imaging. C. elegans feeding RNAi was performed as described 7 . Worms were synchronized by picking hermaphrodites at the L4 larval stage (Christmas tree vulva), and then incubated for 24 h at 20 uC and scored for persistent cell corpses and fluorescent protein localization where appropriate.
For scoring, worms were placed on 2% agarose pads and anaesthetized with 3-5 mM levamisole (Sigma) and mounted under a coverslip for observation with a Zeiss Axiovert 200, AxioImager Z2 (with deconvolution) or LSM 510 confocal microscope equipped with DIC (Nomarski) optics. Staining of worms with acridine orange or LysoTracker red (Invitrogen) was performed as described previously 7, 29 . Mammalian phagocytosis assays. Cells were incubated overnight in Lipofectamine 2000 as described previously, or transfected with Amaxa program U-30 and Kit R for NIH/3T3 cells (Amaxa) with an siRNA SMARTpool containing four siRNAs targeting mouse Mon1a (catalogue no. M-049528-01; Dharmacon), Mon1b (catalogue no. M-055500-01; Dharmacon) or a noncoding SMARTpool (catalogue no. D-001206-13; Dharmacon) using 1.2 mg of total siRNA (0.3 mg of each individual siRNA) as described previously 7 , then incubated for 48 h to recover. Images were acquired with a Zeiss 510 laser scanning confocal microscope with 405-nm, 488-nm, 543-nm and 633-nm lasers (Zeiss AG).
Apoptotic thymocytes were generated as described previously 7 ; apoptotic thymocytes (5 3 10 5 cells per condition) were added to NIH/3T3 cells in four-well Labtek II culture; thymocytes were allowed to become engulfed for 30 min, then unbound apoptotic thymocytes were gently washed off with DMEM medium containing 10% FBS, and then incubated for 2 h in DMEM containing 10% FBS plus a 1:10,000 dilution of LysoTracker red. Cells were then fixed for 30 min with 3% paraformaldehyde (Sigma) in PBS, permeabilized with 0.1% Triton X-100 (Sigma) and blocked with 5% milk that had been clarified by high-speed centrifugation. Antibody staining was then performed as described previously 30 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
